Abstract. Effects of three nucleating agents concluding talc, sodium benzoate (SB) and an ionomer (Ion., Na + ) on crystallization of poly(ethylene terephthalate) (PET) were studied by differential scanning calorimetry (DSC) and polarized optical microscope (POM), the parameters of crystallization kinetics were obtained through Avrami and Ozawa equations. The fold surface free energy σe of pure PET and PET/nucleating agent blends was calculated by Hoffman-Lauritzen theory. The results indicate that the three kinds of nucleating agents increase the crystallization rate constant through promoting their nucleating effect for PET crystallization, among which SB is the best one with the same content. The crystallization mode of PET might shift from three-dimensional growth to two-dimensional growth by the addition of the nucleating agents. The values of σe of PET/nucleating agent blends are much less than that of pure PET, and PET/SB (99:1) blend has the least value of σe (18.2 mJ/m 2 ). The conclusion based on Hoffman theory is similar to the analysis by Avrami and Ozawa equations.
Introduction
Poly(ethylene terephthalate) (PET) has already been widely used in the production of fiber, film, bottles and engineering plastics, which derives from its good balance of thermal and mechanical properties. However, it has not gained noticeable application in the field of injection molding because of its low crystallization rate. In order to accelerate the crystallization rate of PET and obtain the desired morphology and properties, a great deal of effort has been made into studying the crystallization kinetics corresponding to the change of the performed properties [1] [2] [3] [4] [5] [6] [7] [8] [9] . It is generally considered that the addition of nucleating agents gives rise to increase the crystallization rate of PET [10] [11] [12] [13] . A number of suggestions have been reported to add different substances acting as nucleating agents to PET in order to improve its applied or processing properties. The additives exert an influence on the rate of the crystallization process, its morphology, the spherulite size and its distribution and so the physical properties of final product [14] [15] [16] . The nucleating agents can be mainly divided into three kinds: inorganic additives, organic additives and polymers, the nucleating effect on PET crystallization depends on several aspects, such as the size and geometry of the particles, the surface structure and interfacial interactions with the polymer matrix [10] [11] [12] . A lot of study has discussed the effect of a single nucleating agent on the crystallization of PET, but this paper focuses on the effect of three kinds of nucleating agents on the crystallization kinetics of PET, such as talc, sodium benzoate (SB) and an ionomer (Ion., Na + ) which belongs to inorganic additives, organic additives and polymers, respectively. Based on Hoffman-Lauritzen theory, the fold surface free energy σ e , of PET/nucleating agent blends are compared with that of pure PET.
Experimental

Materials
Poly(ethylene terephthalate) (PET) with the intrinsic viscosity of 0.80 dl·g -1 was produced by Jinshan Petroleum Chemistry Company (Shanghai, China). The nucleating agents were included talc, sodium benzoate (SB) and an ionomer Na + . The talc (800 mesh) was supplied by Haicheng Company (Zhejiang, China). The sodium benzoate with analytically pure was supplied by Shanghai Chemical Reagent Company (Shanghai, China). The ionomer Na + (Surlyn 8920) with the melting point of 88°C was supplied by DuPont Company (the United States). Figure 1 shows the chemical structure of the ionomer Na + .
Sample preparation
Before the blending, PET was dried in a vacuum oven at 80°C for 10 h. The talc, the sodium benzoate, and the ionomer Na + were all dried under vacuum at 60°C for 10 h. PET was mixed with three kinds of nucleating agents above in the chamber of a Haake Rheometer RC90 (Germany) at 265°C and 80 rpm, respectively. The mix process lasted about 5 min, the composition was moved out and used for all differential scanning calorimetry (DSC) studied on crystallization kinetics.
DSC analysis
The crystallization behavior was analyzed with a PerkinElmer Paris 1 DSC instrument in a nitrogen atmosphere. The specimens were weighted in the range 5 to 6 mg. Overall crystallization rate studies were carried out on completely amorphous samples. For the cases of nonisothermal crystallization, the samples were heated to 265°C at a rate of 10°C/min and held for 5 min to erase all previous thermal history. The first cooling runs at rates of 5, 10, 15 and 20°C/min from 265°C to room temperature were recorded. For isothermal crystallization experiments, the samples were heated to 265°C at a rate of 10°C/min and held for 5 min to erase all previous thermal history, then cooled rapidly (100°C/min) to the proposed crystallization temperature (T c ) and maintained at that temperature for the time necessary for the complete crystallization of pure PET and PET/nucleating agent blends. The enthalpy evolved during the isothermal crystallization was recorded as a function of time at different T c 's. After crystallization, the samples were heated to 265°C at a rate of 10°C/min. The melting temperature (T m ) and enthalpy of fusion (ΔH f ) values of the composites were calculated from the maximum and the area under the endothermic peak, respectively.
Results and discussion
The isothermal crystallization kinetics of PET based on Avrami equation
The crystallization kinetics of polymers under isothermal conditions for various modes of nucleation and growth can be well approximated by the known Avrami equation [17, 18] . The general form of the Equation (1) is:
where X t is the relative crystallinity at different crystallization times, n is a constant depending on the mechanism of nucleation and the form of crystal growth, and K t is crystallization rate constant related to nucleation and growth parameters. X t can be calculated according to Equation (2): (2) where Q t and Q ∞ are the amounts of enthalpy generated at time t and infinite time t ∞ , respectively, and dH/dt is the enthalpy evolution rate. The Avrami equation can be written as follows (3):
From a graphic representation of ln[-ln(1 -X t )] versus ln t, n (the slope of the straight line) and the 
crystallization rate constant K t (the intersection with the y axis) can be obtained. The plots of ln[-ln(1 -X t )] versus ln t are shown in Figure 2 and the parameters are listed in Table 1 . As shown in Table 1 , the crystallization rate constant K t of pure PET and PET/nucleating agent blends decreases with increasing temperature. K t of PET/nucleating agent blends is larger than that of pure PET, and PET/SB (99:1) blend has the largest K t . The results show that three nucleating agents can increase the crystallization rate of PET, the nucleating effect of the ionomer Na + is slightly better than that of the talc, SB has the most excellent nucleating effect for the crystallization of PET according to the same content of nucleating agent. Generally, for most of crystallization polymers, the value of Avrami exponent n was found to vary between 1 and 4, corresponding to various growth forms from rod-like to sphere-like [4, 19] . The Avrami model lumps together the formation of nuclei and their subsequent growth. As shown in Table 1 , the Avrami exponent n for pure PET is close to 2.5, it shows that the crystallization mode is a three-dimensional growth of nuclei [20] . While the values of n for PET/nucleating agent blends are found to below 2. This indicates that the crystallization mode of PET might shift to two-dimensional growth with heterogeneous nucleation [20] . The result shows that the crystallization mode of PET has been changed by the addition of nucleation agents.
The crystallization half-time t 1/2 is defined as the time at which the extent of crystallization is completed 50%. The shorter the half-time, the faster the crystallization rate. It can be determined from the measured kinetic parameters [21] [22] (4): (4) The value of t 1/2 is listed in Table 1 . t 1/2 increases with increasing crystallization temperature T c . A higher crystallization temperature leads to a lower supercooling degree, the nuclei for the crystallization are more difficult to form.
The nonisothermal crystallization kinetics of PET based on Ozawa equation
There are several modes for the study of nonisothermal crystallization kinetics of polymers. The Avrami equation can be directly used to study nonisothermal crystallization, but it didn't take into account the effect of the constant cooling on the crystallization, so the non-linearity of Avrami plots were often obtained. While accounting for the effect of cooling (or enthalpying) rate Φ on crystallization from the melt (or the glassy state), Ozawa [23] amended and extended Avrami equation, and the Ozawa equation is (5): (5) where Φ is the cooling rate, m is the Ozawa exponent that depended on the crystal growth and nucleation mechanism and K(T) is the crystallization rate constant. The Ozawa equation can be written Equation (6). 
Jiang et al. -eXPRESS Polymer Letters Vol.1, No.4 (2007) 245-251
According to Equation (6), ln{-ln[1 -X(T)]} against lnΦ is plotted in Figure 3 . The Ozawa plots of linear relationship between and lnΦ shows that the Ozawa equation can be priority to explain the nonisothermal crystallization behavior of pure PET and PET/nucleating agent blends. The Ozawa parameters, m and crystallization rate constant K(T), can be obtained through the slope and intercept of the fitting for those data shown in Figure 3 and listed in Table 2 . The value of the Ozawa exponent m for pure PET is almost equal to 3, in good agreement with the results reported by Ozawa [23] . In general, an Ozawa exponent m = 3 suggests that the mode at the nonisothermal crystallization of PET is of three-dimensional growth with an athermal nucleation mechanism. While the values of m for PET/ nucleating agent blends are below 3. This indicates that the crystallization mode might change, which also found in isothermal crystallization process. The crystallization rate constant K(T) of pure PET and PET/nucleating agent blends decreases with increasing temperature. K(T) of PET/nucleating agent blends is higher than that of pure PET. This also indicates that the crystallization rate of PET increases by the addition of the nucleating agent. PET/SB (99:1) blend has the largest value of K(T) at the same temperature. So among three kinds of nucleating agents, SB has the most excellent nucleating effect for PET crystallization. The nucleating effect of Ion., Na + is slightly better than that of the talc which is the same as the analysis of isothermal crystallization.
The fold surface free energy based on Hoffman-Lauritzen relationship
In studying the crystallization kinetics of crystalline polymers, we need to know the equilibrium melting temperature (T m 0 ) to calculate the degree of supercooling [23] . After crystallization at T c , T m was obtained by the reheating of the samples at a rate of 10°C/min. It was possible to calculate T m 0 by the plotting of T c versus T m and to observe the intersection of this line with another line with a slope equal to 1 (T m = T c ) [24] . Plots of T m against T c are shown in Figure 4 , and the values of T m 0 are listed in Table 3 . The crystallization rates at different temperatures were expressed in the form of reciprocal of crystallization half-time t 1/2 . Using Hoffman-Lauritzen relationship between the radial growth rate of crystal and crystallization temperature based on crystallization regime theory [25] , and following Chan and Isayev [26] (1/t 1/2 ) and (1/t 1/2 ) 0 were used to Figure 4 . The determination of the equilibrium melting temperature substitute for the growth rate G and a pre-exponential factor G 0 , respectively. The temperature dependence of the crystallization half life t 1/2 is given by Equation (7). (7) where T is the crystallization temperature, R is the universal gas constant, ΔT = T m 0 -T is the supercooling, and f = 2T/(T + T m 0 ) is a correction factor accounting for the reduction in the latent enthalpy of fusion as the temperature decreased, T m 0 being the equilibrium melting temperature. There are four material constants in Equation (7). (1/t 1/2 ) 0 is a preexponential factor that includes all terms independent of temperature, U * is the activation energy for the transport of crystallizing units across the phase boundary, T ∞ is the temperature below which such transport ceases, and K g is the nucleation parameter. According to Hoffman theory [25] , the parameters U * and T ∞ are the recommended values of 6284 J/mol and T g -30 K, respectively, T g being the glass transition temperature. Plots of ln(1/t 1/2 ) + U * /R(T -T ∞ ) against 1/T(ΔT)f are shown in Figure 5 , and the slope of the line is K g . The nucleation parameter K g is given by Equation (8) . (8) where b is the monomolecular layer thickness, taken to be the perpendicular separation of (010) planes, this is 5.53 Å [2] . σ is the side surface free energy of the polymer crystal, σ e is the fold surface free energy, ΔH f is the enthalpy of fusion per unit volume (2.1·10 8 J/m 3 ) [2] and k B is the Boltzmann constant equaling to 1.35·10 -23 J/mol·K. z is relationship with crystallization regimes of PET. At high crystallization temperatures (above 490 K), corresponding to small degrees of supercooling, regime I kinetics are operative [13] . In this case, surface nucleation involved in crystal growth leads to rapid completion over the surface of the new phase prior to the next nucleation event, and the value of z is 4. According to the crystallization temperature, the crystallization of PET/nucleating agent blends belongs to this regime. At large degrees of supercooling, i. e. below 490 K, regime II are operative [13] , where the rates of the secondary nucleation and spread of the molecular strip along the growing face are comparable, in this case, the value of z is 2 and the crystallization of pure PET belongs to this regime. The side surface free energy σ is often estimated as [25] (9): (9) where α was derived empirically to be 0.11 by analogy with the known behavior of hydrocarbons . The unit cell dimensions, a 0 and b 0 for PET used in the analysis are 4.57 and 5.95 Å, respectively [2] . Combining Equation (8) and Equation (9), we can observe the Equation (10) as follows: (10) σ e of pure PET and PET/nucleating agent blends are determined, and listed in Table 3 .Generally speaking, the smaller the fold surface free energy σ e , the faster the crystallization rate of polymer crystal. As shown in the Table 3 , the value of σ e of pure PET is 80.3 mJ/m 2 , which is in an agreement with reference [25] . The fold surface free energy σ e of PET/nucleating agent blends are obviously less than that of pure PET, and PET/SB (99:1) blend has the least value of σ e (18.3 mJ/m 2 ). The result shows that the conclusion based on Hoffman theory is consistent with the analysis by Avrami and Ozawa equations.
Conclusions
The effects of three kinds of nucleating agents, including talc, SB and Ion., Na + on the crystallization kinetics of PET were studied by using DSC. The parameters of the isothermal and the nonisothermal crystallization kinetics were obtained through Avrami and Ozawa equations, respectively. The results indicate that three nucleating agents can increase the crystallization rate of PET, and SB has the most excellent nucleating effect for the crystallization of PET with the same content of nucleating agent. The crystallization mode of PET might shift from three-dimensional growth to twodimensional growth by the addition of the nucleating agents. The fold surface free energy σ e are obtained by using Hoffman-Lauritzen relationship, the values of σ e of PET/nucleating agent blends are much less than that of pure PET, and PET/SB (99:1) blend has the least value of σ e (18.2 mJ/m 2 ). The conclusion based on Hoffman theory is consistent with the analysis by Avrami and Ozawa equations.
